Experiments with a Langmuir probe and optical emission spectroscopy combined with actinometry are carried out in inductively coupled rf ͑13.56 MHz͒ Ar/ H 2 discharges at total pressures of 20 m, 40 m, and 60 mTorr in hydrogen fractions ranging from 0% to 50%. The measured electron energy probability functions ͑EEPFs͒, which deviate from the Maxwellian distributions owing to the depletion of high-energy electrons, can be approximated using two temperatures. The electron temperatures, which can be deduced from the slopes of low-energy and high-energy parts of the EEPFs, relatively abruptly increase with increasing the hydrogen fraction in the hydrogen fractions below 10%, whereas the measured electron density markedly decreases with increasing the hydrogen fraction in the hydrogen fractions below 20%. The effective ion mass, which can be estimated from the ion current collected into the probe, markedly decreases with increasing the hydrogen fraction. The density of hydrogen atoms estimated by actinometry markedly increases as molecular hydrogen is added to Ar discharges, and then gradually increases with increasing the hydrogen fraction at the hydrogen fractions higher than 10%-20%. A global model is used to study the effect of Ar dilution to hydrogen discharges on the plasma parameters assuming the Maxwellian electron energy distribution. The model results are compared with the experimental results, obtaining reasonably good agreement.
I. INTRODUCTION
Hydrogen containing discharges are widely used in various industrial applications, such as etching processes, reduction in oxides on surfaces, surface passivation, and film deposition. [1] [2] [3] [4] [5] For example, the discharges of hydrogen in a mixture with silane or hydrocarbons are used in order to produce the precursors for the plasma assisted deposition of microcrystalline silicon thin films or diamond synthesis, respectively. [4] [5] [6] [7] Recently, various surface treatments of SiCOH-type films by exposure to hydrogen plasmas have been investigated. 8 In these applications, the active species, such as hydrogen atoms and hydrogen ions, should be responsible for surface reactions in various processes, and the hydrogen containing discharges with a high dissociation rate are required as sources of such active species. Therefore, the degree of dissociation of molecular hydrogen is considered as one of the most important parameters of hydrogen containing plasmas. [9] [10] [11] Low-pressure and high-density plasmas, which have been produced in inductively and capacitively coupled discharges and electron cyclotron resonance discharges, are used in order to achieve the high densities of such active species. Inductively coupled discharges, which are typically operated at pressures lower than 50-60 mTorr in typical electron density range of 10 16 -10 18 m −3 , have been widely used in the material processing because the plasma density and the ion bombarding energy at the surface can be independently controlled. In practice, density of hydrogen atoms and the degree of dissociation in such plasmas have been measured using optical emission and laser spectroscopy. 11 Hydrogen plasmas produced in various types of discharges have been studied for many years. Earlier on, theoretical investigations on hydrogen plasmas were conducted in wide pressure range higher than hundreds of millitorr, focusing on their important kinetic description. [12] [13] [14] [15] [16] [17] [18] Although the physical and chemical processes in the hydrogen plasmas have been revealed through these investigations, the differences in the operating conditions, such as the pressure and power injected into plasmas, may cause different behaviors in the plasma chemistry. Recently, the properties of capacitively-coupled and inductively-coupled hydrogen discharges have been investigated. [19] [20] [21] [22] The global model, which was developed by Lieberman and Gottscho 23 for noble gases and extended to molecular gases by Lee et al., 24, 25 is one of the methods that have been used in order to treat the physical and chemical processes in the plasmas. The addition of Ar to the hydrogen discharges may cause a change in the shape of the electron energy distribution, which can induce the change in the rate coefficients related to electron-induced inelastic collision processes, and an increase in electron density. In addition, interactions, such as quenching collisions between excited Ar and molecular hydrogen, and charge exchange collisions between Ar ions and the molecular hydrogen, can play a significant role on the determination of plasma compositions. 26, 27 In order to understand the behavior species in the discharge, electrons, ions, and atoms must be taken into account, including the effects of the plasma-wall interactions.
The objectives of this research are to investigate the effect of argon dilution on plasma parameters in inductivelycoupled rf ͑13.56 MHz͒ Ar/ H 2 discharges and to understand the plasma chemistry of such discharges using the global model. In this paper, the plasma parameters in low-pressure inductively-coupled Ar/ H 2 discharges are first investigated as a function of hydrogen fraction. Second, the global model for finite cylindrical discharges is applied in order to understand the plasma chemistry of Ar/ H 2 discharges, and the model results are compared with some experimental values.
II. EXPERIMENTAL PROCEDURE
A schematic diagram of the experimental apparatus is shown in Fig. 1 . The stainless steel chamber is cylindrical, 160 mm in inner diameter and 75 mm in length, with a quartz plate of 10 mm thickness placed at the upper end of the chamber. The rf discharges are sustained by an azimuthal electric field induced by a rf coil current supplied to a planar three-turn coil from a power source connected to an L-type capacitive matching network. The planar coil mounted about 5 mm above the quartz plate is concentric in the center of the chamber to maintain the discharge symmetry. An electrostatic shield can practically eliminate the capacitive coupling between the coil and the plasma, resulting in suppression of any rf plasma potential fluctuation. A cylindrical probe 5 mm in length and 0.3 mm in diameter is installed at the chamber center. The power P abs injected into the plasma, which is estimated by subtracting the transmitted power without plasma from that with plasma at the same current, is kept at 120 W in our experiment. The flow rates of Ar and H 2 are controlled using two mass-flow controllers, and the total flow rate corresponding to the sum of two flow rates is maintained at about 30-40 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. Here, the H 2 fraction ␦ H 2 corresponds to the ratio of the partial pressure of H 2 to the total pressure p.
The electron energy distribution function ͑EEDF͒ F͑͒ can be measured by detecting the second derivative i p Љ of the probe current i p with respect to the probe bias voltage V p ,
where is the electron energy in electronvolt, A the probe area, e the absolute value of electron charge, m the electron mass, and V the voltage difference between the plasma potential, which is determined as the bias voltage corresponding to i p Љ= 0 and V p . The measured electron energy probability function ͑EEPF͒ f͑͒ can then be deduced as
The EEDF detection system is described in a previously published paper. 29 The electron density n e and the effective electron temperature T eff , which are calculated using the measured EEPF, are given as follows:
In order to grasp the variation in the dominant ion species with varying the hydrogen fraction, the effective ion mass is estimated by the ion current collected into the probe. The ion current I i ͑V͒ collected into the cylindrical probe can be approximated as
where n is͑X͒ is the density of ion species X ͑X = Ar, H, H 2 , H 3 , and ArH͒ at the probe sheath edge and M i͑X͒ is the ion mass of ion species X. In the case that the voltage difference V is much larger than T eff / e, the ion current I i ͑V͒ is given by
.
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The effective ion mass M eff is defined as
Moreover we define h pr as the ratio of the total ion density at the probe sheath edge to the electron density at the bulk plasma, and then the mass M eff is given as
The value of h pr should be experimentally determined using n e and I i ͑V͒ at V = 40 V measured in pure Ar discharges in order to satisfy M eff = 40, and the value of M eff at each experiment should be deduced using h pr , n e , and I i ͑V͒ at V =40 V. Optical emission spectroscopy is carried out in order to obtain the relationship between the hydrogen fraction and the density of ground-state hydrogen atoms. The density of hydrogen atoms in the plasmas is estimated from the optical emission intensities at 485.6 nm ͑H ␤ line͒ and 750.4 nm ͑the excited Ar͒ ͑Ref. 11͒ because the excitation cross sections of the hydrogen atoms and Ar have similar energy dependence. However, the density of molecular hydrogens in lowtemperature hydrogen containing plasmas is much larger than that of hydrogen atoms. Therefore, the optical emission intensity at 485.6 nm emitted through the dissociativeexcitation process of molecular hydrogen must be considered since it often yields a very important contribution. The optical emission intensities I 486 and I 750 at 485.6 and 750.4 nm are approximately given as
where k exc,H and k exc,Ar correspond to the excitation rate coefficients of the ground-state hydrogen atom and Ar, respectively, k dis-exc,H 2 the dissociative-excitation rate coefficient of the ground-state molecular hydrogen, n X the density of the neutral species X ͑=H, H 2 , and Ar͒, C i,j͑X͒ the constant related to the solid angle and spectral response of the optical system, h the Planck's constant, i,j͑X͒ the frequency of the transition from the i-level to the j-level, and A i,j͑X͒ is the Einstein coefficient for the observed transition. The total gas density n g , which can be given using the total pressure p and the gas temperature T g , corresponds to n H + n H 2 + n Ar = n g . With this relation and the measured intensity ratios, the density n H of the ground-state hydrogen atoms is given as
where C 0 is given as
and R Ar,H and R H 2 ,H , which correspond to the ratio of the corresponding excitation rate coefficients, are given as R Ar,H = k exc,Ar / k exc,H and R H 2 ,H = k dis-exc,H 2 / k exc,H , respectively.
III. DESCRIPTION OF GLOBAL MODEL
A global model for electropositive plasma is applied to the Ar/ H 2 plasmas in a cylindrical chamber of radius R and length L since the electronegativity, which corresponds to the ratio of H − density to electron density, can be assumed to be very low. The electronegativity will be discussed at the last of this section. The reactions considered in the model are listed in Tables I-III . Eight neutral species ͑Ar, Ar metastables ͑the levels 1s 5 and 1s 3 ͒ Ar m , Ar resonant ͓the levels 1s 4 and 1s 2 ͒ Ar r , Ar excited to 4p-state Ar͑4p͒, H 2 , H͑1s͒, H͑2s͒, and H͑2p͔͒ and six charged species ͑electrons, Ar + , ArH + , H + , H 2 + , and H 3 + ͒ in the Ar/ H 2 plasmas are considered. Here, the density of Ar͑4p͒ atoms refers to the total of all the ten energy levels belonging to the 4p manifold. All neutral species are assumed to be uniform over the chamber. The dissociation reactions of H 2 by the electron impact, which correspond to k j ͑j =19-22͒, are assumed to be accomplished by a decay of the excitation of electronic states of H 2 , such as b 3 ⌺ u + and a 3 ⌺ g + , which are produced by the electroninduced inelastic collisions into atoms. Electrons which have a Maxwellian energy distribution with electron temperature T e are also assumed to be uniform over the chamber since the plasma dimensions are approximately equal to the chamber dimensions due to the thin sheath for inductive discharges. All positive ion species, which are assumed to have the same profile, must satisfy the quasineutrality, n e = n + , where n + is the sum of the positive ion densities. The gas temperature in the discharge space is assumed to be 400 K because the power density in the plasma is about 0.09 W / cm 3 in our experiment.
The particle balance equation for each species is described by a set of first-order differential equations. The equation describes the creation, volumetric losses, and surface reactions. In the steady state, total production and loss rates must balance so that the time variation in each species density is equal to zero. The diffusional losses of neutral radicals to the wall are estimated by an effective loss rate. The effective loss rate X Loss for a radical X is given by
where D X is the neutral diffusion coefficient, ␥ the sticking coefficient on the wall, S the surface area of the chamber, v th the thermal velocity, and the effective diffusion length ⌳ is given by
On the other hand, the diffusional losses of positive ions to the wall are also estimated, as shown in previously published papers. 30, 31 The density n e ͑=n + ͒ falls relatively abruptly near the sheaths to edge values n eᐉ = h l n e and n er = h r n e at the axial and circumferential sheaths, where the velocity for positive 
The mean free path i in Ar/ H 2 is given by
where Ar , H , and H 2 correspond to the total ion-neutral collision cross sections. 22, 31 Then, the diffusional losses X Loss + of positive ions X + ͑X = Ar, ArH, H, H 2 , and H 3 ͒ to the wall is given by
The energy balance equation assumes that all power injected into the plasma is dissipated through collision processes between electrons and neutral species and the kinetic energies of ions and electrons flowing into the walls. The energy balance equation in Ar/ H 2 plasma is given by
where E c X is the collisional energy loss per electron-ion pair created for the neutral X ͑X = Ar, H, and H 2 ͒, which includes all excitation energies such as vibrational, dissociative, and electronic excitations. [32] [33] [34] [35] [36] The energy E i , which corresponds to the energy lost to ions accelerating through the sheath, is given by E i = eV sh + T e / 2 since the ion bombarding energy reaches the sum of the ion energy entering the sheath and the energy gained in the sheath. The sheath edge voltage drop V sh is given as V sh = ͑T e / 2e͒ln͑M eff / 2m͒. On the other hand, the energy E e corresponding to the electron energy lost to the walls is given by E e =2T e . The equations for each particle and power balance are then solved by the Runge-Kutta numerical method to obtain an equilibrium.
As is described above, the global model for electropositive plasma is used in this paper. The electronegativity ␣ can be estimated from the particle balance equation for H − . The dominant production of H − is due to the dissociative attachment collisions between the vibrationally excited hydrogens H 2 ͑v͒ of level v ͑v Ն 4͒ and electrons, 35, 37 whereas the dominant loss of H − should be due to the detachment collisions between H − and H as well as recombination process between positive and negative ions. When the dominant loss of H − is assumed to be due to the detachment process for simplicity, the ratio ␣ is given as
where C ad is the ratio of rate coefficient for the dissociative attachment to that for detachment and n H 2 ͑v͒ is the density of H 2 ͑v͒ of level v͑v Ն 4͒. The density ratio n H 2 ͑v͒ ͑v Ն 4͒ / n H 2 is much lower than 10 −3 -10 −4 , as is reported in the previous papers. 21, 37 On the other hand, the ratio n H / n H 2 is expected to be higher than 0.01. The ratio of n H 2 ͑v͒ to n H is on the order of 10 −2 and the estimated value of C ad is less than 5-10. 21, 35, 37 Thus, the value of ␣ is much lower than 1, so that the negative ions are not considered in the model.
IV. RESULTS AND DISCUSSION
The EEPFs measured at p = 20 m and 60 mTorr are given in Figs. 2͑a͒ and 2͑b͒ . The EEPFs measured at any condition slightly deviate from the Maxwellian distribution owing to the depletion of electrons, which have an enough energy to cause the electronic excitation collisions with the neutral species. Thus, we can approximate the distribution by exponentials in the bulk with a slope 1 / T b and above the energy knee at the knee point with a slope 1 / T h . The energy knee decreases from about 11-13 eV corresponding to the lowest excitation threshold energy of Ar to about 8-9 eV corresponding to the lowest electronic excitation threshold energy of H 2 , with increasing ␦ H 2 . The ratios R Ar,H and R H 2 ,H can be determined using the measured T h rather than the measured T b . The temperature T b , which is approximately equal to T eff , is higher than T h by about 1.0-2.0 eV. The difference between T eff and T h decreases as ␦ H 2 increases. Therefore, the EEPF structure can be gradually changed from being Druyvesteyn-type to being Maxwellian-type by increasing only ␦ H 2 .
In Figs. 3͑a͒ and 3͑b͒ , the electron density and its tem- also relatively abruptly increases until ␦ H 2 reaches approximately 10%, beyond which it gradually increases. As is expected, the calculated T e is close to T h rather than T eff because the high-temperature portion of the distribution dominates the calculated temperature, which is determined mainly from the exponentially temperature-sensitive ionization rate.
In Fig. 4 , the effective ion mass M eff in the Ar/ H 2 plasmas, which should be estimated using Eq. ͑8͒, is shown as a function of ␦ H 2 . In addition, the results of the model, in which the calculated densities of all positive ion species are used under the assumption that all positive ion species have a same profile even in the vicinity of the probe sheath, are also shown. The ions in Ar/ H 2 plasmas are classified into the group of heavy ions, such as Ar + and ArH + , and that of light ions, such as H + , H 2 + , and H 3 + . The large difference between masses of two groups can help us in deducing the ion compositions in the plasma and in understanding the effect of the interactions between Ar ions and neutral hydrogens. As is shown in Fig. 4 , reasonable agreement between the experiment and the model is obtained, and those results show that the effective ion mass markedly decreases from 40 ͑the mass of Ar + ͒ to about three ͑the mass of H 3 + ͒. From the marked decrease in n e and M eff with the increase in ␦ H 2 , it can be predicted that the densities of Ar + and ArH + markedly decreasing with increasing ␦ H 2 , and the hydrogen ions H x + ͑x =3,2͒ are predominant even at ␦ H 2 Ϸ 15-20%, beyond which the densities of the hydrogen ions H x + ͑x =3,2͒, which are approximately equal to n e , gradually decrease with increasing ␦ H 2 .
The ratios R Ar,H and R H 2 ,H are necessary in order to calculate the density of hydrogen atoms from Eq. ͑9͒. The ratios should be calculated using the measured EEPFs and the corresponding cross sections. [38] [39] [40] [41] Figures 5͑a͒ and 5͑b͒ show R Ar,H and R H 2 ,H calculated as a function of ␦ H 2 . The ratio R Ar,H does not strongly depend on T h , whereas the ratio R H 2 ,H , which is much smaller than R Ar,H , depends on T h . The dependence of n H on ␦ H 2 for various p is shown in Fig. 6 .
The calculated density of hydrogen atoms shows reasonable agreement with n H estimated using actinometry, although there still remains significant difference at ␦ H 2 lower than 10%. The density n H markedly increases as hydrogen is added to the Ar discharges, and then saturate at ␦ H 2 of 20-30%. The calculated density of hydrogen atoms can correspond to the density of the ground-state hydrogen atoms because the densities of H͑2s͒ and H͑2p͒ atoms are lower than the density of the ground-state hydrogen atoms by three to four orders of magnitude. Although we used ␥ value of 0.02 for hydrogen atoms, we found that n H is approximately proportional to the inverse of ␥ value, which should strongly depend on various factors related to the surface conditions of the chamber. However, the reasonable agreement of magnitude of measured and calculated n H indicate that ␥ value used in the model may agree with the true value within a factor of 2-3. As shown in Fig. 7 , the calculated degree of dissociation, which is defined as n H / ͑n H +2n H2 ͒, decreases The model results are compared with the experiments, obtaining reasonably good agreement for the measurable parameters described above. Thus, the relationships between the other plasma parameters and ␦ H 2 should be explained using the model. Aside from the hydrogen atoms, the Ar metastables and resonants in the neutral species may also play a significant role on the determination of the plasma compositions due to the interactions such as quenching collisions. Figure 8 shows the density of Ar metastables calculated as a function of ␦ H 2 . Here, the density of Ar metastables corresponds to the sum of densities of Ar atoms excited to the levels 1s 5 and 1s 3 . The density of Ar resonant is omitted in this paper because the difference between the density of Ar matastables and that of Ar resonants is small. The calculated density of the metastables slightly increases due to the marked increase in excitation collision frequency at a small addition of hydrogen lower than 3%, beyond which it decreases with increase in ␦ H 2 due to the quenching collisions with the molecular hydrogens. The quenching collisions between Ar metastables and molecular hydrogens may play a significant role on the production of hydrogen atoms because the frequency of the quenching collisions may be comparable to that of H 2 dissociation by the electron impact.
The calculated positive ion densities are, respectively, shown in Figs. 9͑a͒ and 9͑b͒ at p = 20 m and 60 mTorr. The density of Ar + markedly decreases with the increase in the hydrogen fractions owing to the charge exchange collisions between Ar + and molecular hydrogens. The decrease in Ar + density is more prominent as p increases. On the other hand, the density of H 3 + relatively abruptly increases at the hydrogen fractions of approximately 10%-20% and then does not strongly depend on the hydrogen fractions. The change of the predominant ion species from Ar + to H 3 + can be occurred at lower hydrogen fractions as the total pressure increases. The density of ArH + ions abruptly increases at the hydrogen fractions lower than 5%-10%, and then gradually decreases with the increase in the hydrogen fraction. The densities of H x ͑x =1,2͒ ions are not sensitive to the hydrogen fraction at the fractions higher than 15%-20%.
It has been experimentally reported that the flux ratio of 35 may be overestimated because we assume that the ion temperature is equal to the gas temperature. As is predicted from the dependence of n H on ␥ value, the calculated densities of H + is also approximately proportional to the inverse of ␥. Reasonable agreement between the experiments 42, 43 and the model may be obtained when the values of k 28 and ␥ are appropriately estimated according to respective experimental conditions. Further experimental and theoretical investigations on the properties of hydrogen containing discharges will be required.
However, we can conclude that the addition of Ar to the hydrogen discharges is very useful to easily produce the stable plasmas, keeping the densities of H x ions as well as the density of hydrogen atoms over the wide range of Ar dilution.
V. CONCLUDING REMARKS
Experiments with a Langmuir probe and optical emission spectroscopy combined with actinometry were carried out in inductive Ar/ H 2 discharges at three total pressures of 20 m, 40 m, and 60 mTorr for hydrogen fractions ranging from 0% to 50%. The measured EEPFs deviate from the Maxwellian distributions owing to the depletion of highenergy electrons and can be approximated by using two temperatures. The measured electron density decreases with increasing the hydrogen fraction in the hydrogen fraction below 20%, beyond which it gradually increases. On the other hand, the temperatures relatively abruptly increase with increasing the hydrogen fraction in the hydrogen fractions below 10%. The effective ion mass, which was estimated a by the ion current collected into the probe, markedly decreases with the increase in the hydrogen fraction, indicating that the dominant positive ion is H 3 + even at the hydrogen fractions lower than 15%-20%. The density of hydrogen atoms estimated by actinometry markedly increases as hydrogen is added to Ar discharges, and then gradually increases with increasing the hydrogen fraction at the hydrogen fractions higher than 10%-20%.
A global model is used to study the effect of hydrogen addition to Ar discharges on the plasma parameters assuming the Maxwellian electron energy distribution. Experimental results described above were compared with the results of global model, and the reasonably good agreement was obtained. Some of the model results are summarized as follows:
͑1͒ The density of Ar + markedly decreases with the increase in the hydrogen fractions owing to the charge exchange collisions between Ar + and molecular hydrogens, whereas that of H 3 + relatively abruptly increases at the hydrogen fractions of approximately 10%-20% and then does not strongly depend on the hydrogen fractions. The change of the predominant ion species from Ar + to H 3 + can be occurred at lower hydrogen fractions as the total pressure increases. The density of ArH + ions abruptly increases at the hydrogen fractions lower than 5%-10%, and then gradually decreases with the increase in the hydrogen fraction. The densities of H x ͑x =1,2͒ ions are not sensitive to the hydrogen fraction at the fractions higher than 15%-20%. ͑2͒ The density of hydrogen atoms markedly increases as hydrogen is added to Ar discharges, and then gradually increases with increasing the hydrogen fraction at the hydrogen fractions higher than 10%-20%.
In conclusion, the addition of Ar to the hydrogen discharges is very useful to easily produce the stable plasmas, keeping the densities of H x ͑x =1-3͒ ions as well as density of hydrogen atoms over wide range of Ar dilution. 
